A new strategy to obtain a single-mode fiber with a flattened intensity profile distribution is presented. It is based on the use of an OVDmade high index ring deposited on a silica rod having a refractive index slightly lower than the silica used for the microstructured cladding. Using this strategy, we realized the first single-mode fiber with a quasi-perfect top-hat intensity profile around 1 µm. Numerical studies clearly demonstrate the advantage of using a core index depression to insure the single-mode operation of the fiber at the working wavelength.
Introduction
Fiber technology has a great potential to improve the compactness, stability and versatility of laser systems, without any free-space alignment [1] . Recent progresses in fiber laser technologies have proven their capability to deliver high-power pulses suitable for industrial needs (laser marking, welding, cutting, drilling and heat treatment), for laser-biological tissues interactions inside the body, for fundamental studies in laser-matter interaction processes or for seeding large-scale laser facilities like Laser MegaJoule (LMJ) [2] . Currently, the intensity profile at the output of a standard single-mode fiber exhibits a Gaussian-like structure. As a result, the intensity deposited on the target (material, biological tissue, etc) is not uniform and the treatment leads to irregularities. Top-hat intensity patterns are then more suited for such applications. The simplest way to achieve such a shaping is to use beam aperturing at the fiber output but at the expense of very high losses. Other laser beam shaping techniques such as field mapping or use of beam integrators are very interesting because they imply no loss [3] . However, the alignment of field mapping setups is very tricky and beam integrators deliver poorly coherent beams in the spatial domain, which is detrimental for most applications. To avoid the use of complex beam shaping optics, an elegant and efficient solution is to achieve an all-fiber system that directly delivers a 'top-hat' beam profile. Highly multimode fibers represent the usual way to homogenize the field distribution and flat-top beam profiles with circular or square shape have been already demonstrated [4] [5] [6] . However, such fibers exhibit very low depth of focus and spatial incoherence (i.e. random phase profiles). Accordingly, a very interesting and reliable way to obtain a flat-top delivered beam with large depth of focus is to use an optical fiber with a tailored index profile that flattens the intensity distribution of the fundamental mode [7] . Note that such a fiber structure also presents the great advantage to increase the threshold for nonlinear effects, as compared to a structure having the same mode field diameter but delivering a Gaussian-like shape mode [8] .
In the past, several fiber designs (including more recently microstructured optical fibers) [9] [10] [11] [12] [13] have been proposed to obtain a flattened fundamental mode but most of these studies were only numerical and fiber designs were usually slightly multimode at the operating wavelength, which is detrimental for many applications. Only few papers report on experimental results [8, 14] . However, even if the beam profile was indeed more flattened than the usual Gaussian-like profile, it was still far from the ideal top-hat profile because of practical fabrication issues leading to a deviation from the ideal refractive index profile. This is only very recently that we reported preliminary experimental results on fibers that deliver a fundamental mode with a real flattened profile [15, 16] .
In this paper, we present in details a new strategy to obtain intrinsically single-mode fibers at the operating wavelength with very good intensity flatness. In particular, we demonstrate through numerical simulations that core's higher order modes can be made extremely lossy by using a refractive index-depressed core compare to the silica used in the microstructured cladding. The single-mode behavior of our flattened mode fiber is demonstrated for the first time through meticulous experimental characterizations. The key processes to obtain such notable results are also detailed.
The paper is organized as follows: after recalling the operating principle of flattened mode fiber, we detail in section 2 our strategy to realize a single-mode fiber with a quasi-perfect top hat profile and its realization. Its optical properties are described in section 3. Numerical studies based on the geometrical parameters of the fabricated fiber are presented in section 4 and demonstrate the advantage of using index-depressed core. Finally, a conclusion and applications are given in section 5. Figure 1 (a) represents the basic index profile that enables to get a flattened fundamental mode. It is based on three ingredients, namely a thin high index ring (1) that is added between the core (2) and the cladding (3) of a conventional step index fiber. The operating principle of such structure is illustrated on Fig. 2 and can be simply explained as follows. At sufficiently short wavelengths, the fundamental mode of the fiber is well confined in the high index ring with an exponential-like decrease (evanescent fields) in both cladding and core media: the effective index of the core mode is close to the refractive index of the ring. Here, the intensity decrease is faster in the cladding because of its higher refractive index difference with the mode effective index. As wavelength increases, the fundamental mode spreads more and more out of the high index ring and its effective index decreases (see Fig. 2 ). At a specific wavelength, the electrical field is no more evanescent in the core (while being still evanescent in the cladding): the effective index becomes equal to the refractive index of the core. This is at that particular wavelength that a core mode with a flat profile can be obtained and it corresponds to the cut-off wavelength of the ring mode. For longer wavelengths, the effective index of the guided mode keeps decreasing and its intensity starts peaking at the core center. By further increasing the wavelength, the thin ring structure is no more perceived by the light so that the mode is then very similar to the fundamental mode of a standard fiber and presents a Gaussian-like intensity profile (see Fig. 2 ).
Fiber design and realization

Operating principle
From the above explanation, one can understand that the wavelength at which the flat mode is obtained depends mostly on the high index ring size and on its refractive index difference with the core. On the other side, the number of modes supported by the structure is mainly driven by the core size and its refractive index difference with the cladding (as in conventional step index fibers). Fig. 1 . Index profiles for step-index (a) and microstructured (b) fiber to obtain a flat top intensity profiles at the fiber output. n ring , n core and n clad /n FSM correspond to the refractive indices of the ring, the core and the cladding, respectively. For the microstructured fiber, we denote δn core and δn ring the core and the ring index contrast with respect to the silica used in the cladding, respectively. ΔR is the ring thickness, Λ the pitch of the cladding and d the diameter of the air holes. Fig. 1(a) . The insets show typical intensity profiles at short (α) and long (γ) wavelengths compared to the cut-off wavelength of the fundamental ring mode (β).
Strategy to get large mode and intrinsically single-mode fiber with a flattened mode
Our strategy to obtain large mode area single-mode fibers with a flattened mode profile is based on (i) using an air/silica cladding, (ii) fabricating the high index ring by Outside Vapor Deposition (OVD) process and (iii) using a core material with a refractive index slightly lower than that of the silica used in the cladding (see Fig. 1(b) ). The reasons and more details on this novel strategy are given hereafter:
(i) First of all, an air-silica cladding (as Ref. 9-11) allows refractive index to be very close to silica, which would be very tricky to obtain with a solid homogeneous cladding. Moreover, it also enables to finely adjust the contrast, Δn, between cladding and core indices by adjusting the parameter d/Λ during the final drawing process with fine control of the size of the air holes. Both of these properties obviously represent key ingredients to obtain a singlemode large effective area optical fiber. To do so, we opted for a microstructured fiber with a 7-cell defect core as it permits to obtain a large core diameter without requiring a too large pitch of the periodical structure [17] . Note, however, that the ratio between the hole diameter, d, and the pitch, Λ, has to be kept small to insure single-mode guidance (below 0.046 if the endlessly single-mode regime is targeted [18] ).
(ii) Realizing the high index ring by the OVD process makes it possible to ensure a very good control of its opto-geometrical parameters (thickness, refractive index), decoupled from the synthesis of the glass rod that will be used as core: the composition and refractive index of this rod can hence be adjusted independently of that of the high-index ring. The final overcladded rod is compatible with Stack and Draw technique processing and can be used as the core of a microstructured fiber whose cladding geometry can also be adjusted freely: properties of the core, high index ring and micro-structured cladding are hence precisely and separately adjusted at different steps of the process.
(iii) Using a central rod with a slightly depressed refractive index enables us to decrease the effective indices of the core modes, so that only the fundamental core mode has low confinement loss. Indeed all high order modes with effective index lower than (or close enough to) the cladding refractive index n FSM are not (or only very weakly) confined into the core region. Note that the number of core modes could also be reduced by increasing the cladding refractive index but this would require an accurate control of small values of d/Λ (~0.03), which is very challenging in terms of fabrication. Thereby, a decrease of the refractive index of the core enables to reach a single-mode behavior with a smaller cladding refractive index and thus a larger d/Λ which greatly facilitates the fabrication process.
Fiber fabrication
Figure 3(a) shows a Scanning Electron Microscope (SEM) image of a typical fiber (called hereafter Fiber A) fabricated using the Stack and Draw process [19] . First a hexagonal stack of 127 silica capillaries (6 rings) drawn from a high quality pure silica tube (Heraeus F300) has been realized. In this stack, the 7 central capillaries were replaced by a solid capillary containing the high index ring and drawn from a solid rod. The high index ring was realized by OVD -see description below -and is clearly visible on the SEM picture. In order to get a cladding with small enough d/Λ (typically < 0.2), additional capillaries, also drawn from a F300 Heraeus tube, were inserted in each of the previous capillaries. The outside ring of capillaries was then partially removed to enable the stack to be inserted into a circular jacketing tube. Note that a F320 Heraeus tube (F-doped silica) was used as a jacketing tube: it presents a refractive index difference of −1.2x10 −3 as compared to the F300 material. The use of a low index outer cladding was chosen in order to reduce easily the confinement loss without the need of extra air holes rings. These different operations lead to a preform presenting 4 complete rings of air holes and a partial 5th ring featuring 18 extra holes. This stack of 25 mm Outside Diameter (OD) was then drawn into 4 mm canes that were jacketed in 8 mm OD tube before the final drawing process.
As mentioned before, the OVD process has been used to realize the high index ring around the central core. More precisely twelve layers of germanium-doped (Ge-doped) silica have been deposited and sintered on a commercial silica rod of 18 mm of diameter. Note that two pure silica layers were deposited on the Ge-doped ones so as to limit the germanium oxide depletion of the outer Ge-doped layers, due to diffusion during the different heating and drawing process. Finally, this rod was drawn into a ~4 mm rod used as the central core of the stack. Because of its nanometric size, no direct measurement of the ring index profile was possible at the fiber stage. The refractive index profile of the high index ring was then deduced from the germanium concentration profile obtained by Electron Probe MicroAnalysis (EPMA) measurements done on the 4 mm rod (see Fig. 3(b) ). It has been evaluated to + 5x10 −3 as compared to the refractive index of the F300 tubes used for the cladding. The thickness of the ring, ΔR, in the final fiber was estimated by assuming a homothetic transformation of the transversal dimensions measured on the 4 mm rod. Finally, as mentioned in section 2.2, our aim was to use a silica core presenting a refractive index slightly lower than that of the silica used in the cladding air-silica. For this reason a LWQ100 rod from Heraeus was used as core material. Its refractive index difference with F300 has been estimated to about −0.4x10 −3 at 1550 nm, by home-made measurements. However, it has to be pointed out that uncertainty on this value is quite large (accuracy of the measurement is ± 0.2x10 −3 for conventional single-mode preform, which is far from being the case here). Moreover this refractive index difference could also be significantly modified during the drawing process [20] . Thus, at this stage of discussion, the refractive index difference between the silica used for the core and the one used for the air-silica cladding (i.e. δn core on Fig. 1(b) ) is supposed to be between 0 and −1x10 −3 in the final fiber at the operating wavelength.
By simply adjusting the pitch Λ and the ratio d/Λ during final drawing, it has been possible to realize a single-mode fiber that presents a flattened fundamental mode around 1 µm with relatively low losses. The detailed characterization of this particular fiber (Fiber A) is presented in the next section. From the SEM image, we have measured a pitch, Λ, of 5.42 µm, a ratio, d/Λ, of 0.12, a low index core radius of 6.74 µm and we have estimated a ring thickness of 260 nm from homothetic transformation. As mentioned before, the refractive index of this ring is estimated by calibration from the germanium concentration to be + 5 10 −3 higher than the silica used to realize the cladding.
Optical characterizations
Output intensity profile and single-mode behavior
A first characterization has been performed by injected a supercontinuum source in a 2 mlong piece of the fiber described above. The near field was imaged on an Infrared camera at different wavelengths using bandpass filters (~10 nm FHWM), placed before the injection lens. Typical results are depicted in Fig. 4 . As expected, one can clearly see the transformation of the fundamental mode from a donut mode at 650 nm to a Gaussian-like mode at 1650 nm (see section 2.1 and Fig. 2) . A flattened mode is obtained in the 950-1150 nm wavelength range with a nearly perfect flat top intensity profile at 1050 nm. The effective area at 1.05 µm has been estimated from experimental image to 320 µm 2 corresponding to a mode field diameter of about 20 µm. It is worth noting that whatever the injection conditions with this setup, the same intensity distribution was recorded at the output of the fiber (only the coupling efficiency was modified) even for fiber lengths as short as 27 cm. This behavior is a first indication that Fiber A does not support any Higher Order Modes (HOM). This observation being only qualitative, the modal content of the fiber core has been measured by a spatially and a spectrally resolved imaging technique, the so-called S 2 technique first reported by Nicholson et al. [21] .
Following the experimental setup described by N'Gyuen et al, we used a tunable narrowbandwidth laser and an Infrared camera to perform the S 2 measurement [22] . For each camera pixel, an interference spectrum originating from the beating between guided modes can be recorded. For each HOM supported by the fiber a peak appears in the Fourier transforms of these spectra. The numerical treatment of these Fourier transforms gives the intensity profiles of the modes supported by the fiber, their relative power and their relative group delay. To ensure the validity of our S 2 measurement, we first characterized a slightly different fiber, called hereafter Fiber B. Its pitch (6.88 µm) and d/Λ ratio (0.19) were higher than those of Fiber A, which makes this fiber indeed multimode. Both fibers have been designed to support a fundamental mode with a top-hat shape around 1.05 µm and are 5.5 m long. In Fig. 5(a) we plot the summation over the pixels of all Fourier transforms for Fiber B (blue line) and for Fiber A (solid red and black lines). Besides continuous component peak, Fiber B exhibits a peak corresponding to interferences between the fundamental mode and the first HOM for a 9.5 ps group delay (corresponding to a group index difference δn g of 5.23x10 −4 ). The reconstructed images of the fundamental and first HOM intensity distribution as well as the group delay are in good agreement with the ones obtained directly through numerical calculations (see Fig. 5(b) ). Conversely to Fiber B, no peak was detected for Fiber A (Fig. 5(a) ) even when a 15 µm lateral offset was applied on injection (red line). The reconstructed image of the fundamental mode shown on Fig. 5(c) is very similar to the one observed directly. We can emphasize that several S 2 measurements have been performed with different input-coupling conditions and different bend radii. Whatever these parameters, no HOM interference peak has been detected. It is thus clear that Fiber A can be considered as a single-mode fiber with a flat-top intensity profile at wavelengths around 1.05 µm.
Losses characterization
In order to characterize the optical losses, we first performed a cut-back measurement on a piece of Fiber A kept as straight as possible. In a second time, we measured the extra losses induced by bending the fiber. For the cut-back measurement, a 20 mW narrow-bandwidth continuous-wave laser at 1.053 µm was launched into a 3 m-long piece of Fiber A using an aspherical lens (6.2 mm focal length and 0.4 numerical aperture). The fiber attenuation deduced from these measurements is 0.23 dB/m (Fig. 6(a) ). This relatively high value could probably be reduced by increasing the size of the cladding (see the rather high confinement loss values obtained in section 4). Nevertheless, for most of the applications requiring a flattened mode, one need only few meters of fiber so our present experimental loss value is not a limitation. Furthermore, it is important to note that the coupling losses are only about 0.6 dB when splicing Fiber A to standard step-index fiber with 15 µm core diameter. It represents an important advantage to implement these fibers in all-fiber setups. The evolution of the extra losses at 1050 nm induced by bending the fiber is shown in Fig.  6(b) . These results are deduced from the measurement of the output power of a 1.7 m long fiber for several bending radii, the output power reference being the one obtained for the straight fiber. Bending this fiber with radius of curvature lower than 10 cm will lead to significant extra-losses (> 5 dB/m). As in large mode area fibers, leakage of the mode is easily achieved by bending the fiber, because of the small effective indices difference between core and cladding modes.
During all these measurements, we have checked on a CCD camera that the flat-top fundamental mode is not coupled to any HOM but only to cladding modes, confirming again the single-mode property of Fiber A.
Numerical study of the impact of core index depression
To prove that decreasing the core refractive index is indeed a key point to explain the experimental results above-described, we present hereafter a numerical study of the impact of the core index depression on the fiber properties. To achieve this goal, we have performed numerical simulations using a finite element method (COMSOL Multiphysics). A perfectly matched layer (PML) [23] has been added to the outer boundaries of the computational domain to avoid reflections of electromagnetic fields and to calculate optical losses of the core modes. The transverse structure used for the numerical calculation is based on the optogeometrical parameters of Fiber A except for the Ge-doped ring boundaries that have been assumed to be perfect circles. Indeed, preliminary calculations have shown that a deformed ring structure does not lead to a significant modification of the guided mode pattern provided that the thickness of the ring is kept constant, which is the case here. The air/silica cladding is similar to the experimental one with 5 rings of air-holes, the 5th one not being entire. The pitch was fixed to 5.42 µm and d/Λ to 0.12. The down-doped layer due to the F320 jacketing tube (cf. section 2.3) was also taken into account by adding on the outside of this air silica cladding a ring of 9.9 µm with a refractive index difference of −1.2x10 −3 compare to the silica index used in the cladding. The external diameter of the high index ring and its refractive index contrast, δn opt , were set to 7 µm and + 5x10 −3 respectively. The refractive index depression of the core, δn core , was varied from 0 to −9x10 −4 . For each value of δn core , we had to adjust the ring thickness ΔR to obtain a flat-top profile at the operating wavelength of 1.05 µm: ΔR is as large as 0.61 µm for δn core = 0 and decreases to 0.21 µm for δn core = −9x10 −4 .
Effective indices
The effective indices of the fundamental and first higher order (HOM1) modes have been computed for different values of core index depression. The results are shown on Fig. 7 . As expected both indices decrease when the core refractive index is reduced (higher |δn core | values). More precisely, the fundamental mode curve has a unity slope because the effective index of the top-hat mode (at the wavelength of interest) is equal to the core index as explained in section 2.1. The HOM1 variation is almost linear with a slope close to 0.85. More importantly, the HOM1 effective index crosses the one of the fundamental space filling mode (calculated by the plane wave expansion method [24] ) associated to the air-silica cladding (n FSM ) around δn core = −8x10 −4 . This value acts as a cut-off for the HOM1: the fiber core supports only the fundamental mode for |δn core |> 8x10 −4 . Indeed, for larger |δn core |, the HOM1 spreads very significantly into the cladding because its effective index is then smaller than the effective index of the cladding. This behavior is confirmed in the next paragraph dealing with the evolution of the confinement loss (CL) and mode effective area (A eff ) versus δn core . 
Optical losses and effective areas
Figures 7(b) and 7(c) represent the variation of the CL and effective area of both modes with respect to the core index depression. In the case of the fundamental mode, both CL and effective area increase when δn core decreases. This behavior can be simply understood by considering that larger |δn core | leads to a decrease of the difference between the fundamental mode effective index and n FSM and hence to a decrease of the mode confinement. For the same reason a similar trend is observed for the HOM1. However an extra peak is observed in the range −8 to −6x10 −4 on both curves associated to this mode. This large increase of the effective area (>500 µm 2 ) and CL (>100 dB/m) is due to a resonant coupling with modes localised between the last air holes ring of the holey cladding and the F320 layer as illustrated on Fig. 7(d) . These two curves confirm that this HOM1 can be completely disregarded for |δn core | >~6x10 −4 (any bending of the fiber will strip off this mode). These numerical results thus validate our strategy to get a single-mode fiber by using a silica core of slightly lower refractive index that the one used in the air/silica cladding. For comparison, the d/Λ required to get the HOM1 effective index equal to n FSM (as was the case for δn core = −8x10 −4 in Fig.  7(a) ) in a structure having the same core diameter but with δn core = 0 is as low as 0.03, i.e. a value very difficult to obtain experimentally if not impossible. Finally we can estimate that the δn core in Fiber A is in this range of −8 to −7 x10 −4 as the numerical CL and effective mode area of the fundamental mode are respectively in the range 0.033 to 0.23 dB/m and 317 to 340 µm 2 i.e. values close to the experimental ones (see section 3).
Conclusion and outlooks
We report on the fabrication and characterization of an optical fiber with an improved flattened intensity profile around 1.05µm with single-mode behaviour. The new strategy and the fabrication procedures enabling these results are described in details. In particular the advantage of using a silica core with a slightly lower refractive index than the silica used for the microstructured cladding is demonstrated through numerical studies.
This new kind of optical fiber paves the way for a new generation of all-fiber systems able to mark or cut with a high degree of accuracy and flexibility thanks to their high spatial coherence insured by the single mode operation of the fiber. Other applications such as high harmonic generation in gases [25] and attosecond pulse generation [26, 27] could also benefit from this new design thanks to homogeneity of intensity profile. Future works will aim at increasing the fiber effective area and realizing active and polarization maintaining versions of our current design.
